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Normal type I collagen is a heterotrimer of two α1(I) and one α2(I) chains,
but various genetic and environmental factors result in synthesis of
homotrimers that consist of three α1(I) chains. The homotrimers completely
replace the heterotrimers only in rare recessive disorders. In the general
population, they may compose just a small fraction of type I collagen.
Nevertheless, they may play a significant role in pathology; for example,
synthesis of 10–15% homotrimers due to a polymorphism in the α1(I) gene
may contribute to osteoporosis. Homotrimer triple helices have different
stability and less efficient fibrillogenesis than heterotrimers. Their fibrils
have different mechanical properties. However, very little is known about
their molecular interactions and fibrillogenesis in mixtures with normal
heterotrimers. Here we studied the kinetics and thermodynamics of fibril
formation in such mixtures by combining traditional approaches with 3D
confocal imaging of fibrils, in which homo- and heterotrimers were labeled
with different fluorescent colors. In amixture, following a temperature jump
from 4 to 32 °C, we observed a rapid increase in turbidity most likely caused
by formation of homotrimer aggregates. The aggregates promoted nuclea-
tion of homotrimer fibrils that served as seeds for mixed and heterotrimer
fibrils. The separation of colors in confocal images indicated segregation of
homo- and heterotrimers at a subfibrillar level throughout the process. The
fibril color patterns continued to change slowly after the fibrillogenesis
appeared to be complete, due to dissociation and reassociation of the pepsin-
treated homo- and heterotrimers, but this remixing did not significantly
reduce the segregation even after several days. Independent homo- and
heterotrimer solubility measurements in mixtures confirmed that the
subfibrillar segregation was an equilibrium property of intermolecular
interactions and not just a kinetic phenomenon. We argue that the
subfibrillar segregation may exacerbate effects of a small fraction of α1(I)
homotrimers on formation, properties, and remodeling of collagen fibers.
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Introduction

Type I collagen is the most abundant structural
protein found in the extracellular matrix of verte-
brates. It assembles into fibrils forming the struc-
tural scaffold of bone, skin, and other connective
tissues. It consists of three polypeptide α-chains

folded into a 300-nm-long triple helix with short
nonhelical terminal peptides (telopeptides). The
triple-helical region of each chain has the distinctive
amino acid repeat (Gly-X-Y) with an obligatory Gly
in every third position. The amino acids in the X and
Ypositions vary along each chain. Frequently, X is a
proline and Y is a hydroxyproline.1

The normal form of type I collagen is a hetero-
trimer of two α1(I) chains and one α2(I) chain. The
chains are encoded by COL1A1 and COL1A2 genes
located on different chromosomes. The chains have
significant sequence homology, but α2(I) is more
hydrophobic and has fewer proline and hydroxy-
proline residues. The α2(I) chain appeared in early
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vertebrates and was retained through evolution in
all higher vertebrates.2,3 Nevertheless, homotrimers
of three α1(I) chains form, e.g., in embryonic tissues4

and in a variety of pathological conditions.5–15

Effects of α1(I) homotrimers on tissue properties
are poorly understood. The evidence is conflicting.
For instance, a severe bone pathology, osteogenesis
imperfecta (OI), was reported in a patient whose
mutant α2(I) chains were synthesized but not
incorporated into collagen molecules.11 In contrast,
no such pathology was found in a few patients
without any α2(I) chain synthesis.12–14 Type I
collagen in all these patients consisted entirely of
α1(I) homotrimers, but the resulting disease pheno-
type was dramatically different.
Several studies onα1(I) homotrimer properties and

interactions have been reported. It has been estab-
lished that homotrimer triple helices have higher
overall stability16,17 and an altered pattern of local
stability.17 Homotrimer helices exhibit less efficient
mutual recognition and weaker intermolecular
attraction.17,18 As a result, fibrillogenesis requires a
higher concentration of homotrimers.19 Homotrimer
fibrils are morphologically similar to heterotrimer
fibrils,19,20 but they have lower tensile strength21 and
sparser and less precise packing of the helices.20

Most of the knowledge accumulated so far
pertains to fibrils containing only heterotrimers or
only homotrimers, although just a handful of
recessive cases with no synthesis or incorporation
of α2(I) chains into collagen have been reported.
Much less is known about interactions of α1(I)
homotrimers with the heterotrimers in mixed fibrils,
formation of which may be quite common. The
homotrimers were found, e.g., in cultures of some
kidney7,10 and cancer cells.5,22–24 Moreover, cultured
osteoblasts with a recently discovered COL1A1
polymorphism were found to secrete up to 10–15%
of α1(I) homotrimers.25 Multiple studies linked
this COL1A1 polymorphism to increased bone
fragility in age-related osteoporosis in the general
population, sparking a renewed interest in α1(I)
homotrimers.25–28 However, it is still not clear whe-
ther and how a small fraction of the homotrimers
can affect bone and whether the synthesis of the
homotrimers is responsible for bone fragility.
To understand how the presence of a fraction of

homotrimers may affect formation and properties of
fibrils, we investigated different mixtures of hetero-
trimeric type I collagen from wild-type mouse tail
tendon and homotrimeric collagen from homozy-
gous osteogenesis imperfecta murine (oim) mouse
tail tendon. The latter mice make a nonfunctional
α2(I) chain that is not incorporated into collagen,
similar to the patient with OI discussed above.29

We measured the in vitro fibrillogenesis kinetics
after a temperature jump from 4 to 32 °C and the
equilibrium solubility of the homo- and hetero-
trimers at 32 °C as a function of the mixture com-
position. We used confocal microscopy to examine
the morphology of the resulting fibrils and parti-
tioning of homo- and heterotrimers labeled by
different fluorescent dyes.

To achieve equilibrationof fibrilswith the surround-
ing solution, we pretreated the homo- and hetero-
trimerswith pepsin at 4 °C. By partially degrading the
telopeptides, pepsin prevents irreversible covalent
cross-linking between the molecules.30,31 While
such a treatment alters the fibrillogenesis kinetics,30,32

it does not affect the integrity of the triple helices
and does not alter their packing and interactions in
fibrils.33

We found that homotrimers affected the fibril
bending rigidity and nucleation mechanism. More
importantly, we observed equilibrium segregation
of homo- and heterotrimers at a subfibrillar level.
We argue that this segregation may dramatically
exacerbate effects of even a small fraction of the
homotrimers on tissues.

Results

Fibrillogenesis kinetics

After a temperature jump from 4 to 32°C, the
turbidity of pepsin-treated heterotrimer solutions in
0.13 M NaCl, 30 mM sodium phosphate, pH 7.4,
followed the expected34 time coursewith lag, growth,
and plateau phases (Fig. 1a, dashed line). The
turbidity, which is caused by light scattering from
forming collagen fibrils, was monitored by measure-
ment of the optical density at 350 nm (OD350).
In contrast, we observed no lag phase for natural

homotrimers purified from oim mouse tail tendons
and reconstituted homotrimers refolded from rat tail
and bovine Achilles tendon collagen (Fig. 1b),
consistent with a previous report.18 Slightly differ-
ent concentrations of sodium phosphate and col-
lagen were used for collagen from different species
to optimize the fibrillogenesis rate and OD350.
In mixtures of heterotrimers and homotrimers, we

observed four fibrillogenesis steps: 1, early growth;
2, lag phase; 3, delayed growth; and 4, plateau
(Fig. 1c). The early growth was probably associated
with formation of homotrimer nuclei and fibrils,
while mixed and/or heterotrimer fibrils presumably
formed primarily during the lag phase and delayed
growth. Table 1 shows turbidity parameters
extracted from the experiments in which constant,
0.3 mg/ml total concentration of collagen and
various molar fractions of homotrimers were used.
The final turbidity at the plateau gradually
decreased with increasing homotrimer fraction, but
the lag time, maximum growth rate delay, and half-
maximum turbidity time appeared to change only
between 0% and 50% homotrimer concentrations.
Note that the plateau turbidity value may be
difficult to interpret, since it depends on the number
and the size of the fibrils.

Fiber morphology and molecular segregation

To test whether homo- and heterotrimers co-
assembled into the same fibrils, we prelabeled
them with Alexa Fluor 488 (green, G) and Alexa
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Fluor 568 (red, R). At less than one Alexa Fluor dye
per four to five collagen triple helices, we observed
normal turbidity curves, critical fibrillogenesis con-
centrations, and fibril morphology (see below). In
contrast, Cy dyes altered the fibrillogenesis kinetics
curve and induced formation of nonfibrillar aggre-
gates even at low labeling fractions.
We prepared 0.3 mg/ml hetero-G/hetero-R,

homo-G/homo-R, and hetero-G/homo-R binary
mixtures in 0.13 M NaCl and 30 mM sodium
phosphate and equilibrated them in sealed micro-
scopy cells at 32 °C for several hours. Here, homo-
and hetero- indicate homotrimers and heterotrimers,
respectively, while G and R indicate the labeling
color. Subsequent examination by confocal micro-
scopy in a controlled environment chamber set at
32 °C revealed three-dimensional (3D) networks of
flexible, long heterotrimer fibrils (Fig. 2a). The
homotrimers formed fewer fibrils, which looked

like straight spears emanating in several directions
from a clumplike common center (Fig. 2b). In
homo/heterotrimer mixtures, we observed an

Table 1. Kinetic parameters of fibrillogenesis

Homotrimers
(%)

Lag time
(τlag, min)

Maximal
growth

rate delay
(τi, min)

Half-maximal
turbidity time
(τ1/2, min)

Final
turbidity
(Δh)

0 9 17 16 0.46
50 36 52 54 0.25
80 26 53 55 0.13
90 34 52 74 0.09
100 55 0.04

All parameterswere determined from turbidity curves as shown in
Fig. 1c: τlag is the time at the end of the lag phase,τi is the time at the
inflection point during the delayed growth step, τ1/2 is the time at
50% of maximal turbidity (not shown in Fig. 1), Δh is the maximal
turbidity reached on the high plateau (measured at 150 min).

Fig. 1. Fibrillogenesis kinetics in hetero/homotrimer mixtures of type I collagen: (a) 0.3-mg/ml mixtures of type I
collagen from wild-type (heterotrimers) and homozygous oim (homotrimers) mice in 30 mM sodium phosphate, 0.13 M
NaCl, pH 7.4; (b) homotrimers from homozygous oim mouse tendons [100% curve in (a)], bovine Achilles tendons
(refolded, 0.36 mg/ml, 30 mM sodium phosphate), and rat tail tendons (refolded, 0.25 mg/ml, 20 mM sodium
phosphate); (c) 1:1 mixture of mouse heterotrimers and homotrimers [50% curve in (a)]. In (c), the white circles show two
inflection points on the turbidity curve; the dashed tangential lines indicate turbidity trends at different fibrillogenesis
steps; the vertical dotted lines separate four fibrillogenesis steps: 1, early growth; 2, lag phase; 3, delayed growth; and 4,
high plateau; the inset shows the early kinetics. The small, lagless turbidity rise during the early growth was reproducible.
It occurred only at sufficiently high homotrimer concentrations and was consistent with the rapid appearance of small
aggregates observed by confocal microscopy. Note that the lag phase and high plateau might be difficult to see in (a) for
the 80% curve, but both steps were clearly distinguishable when this curve was plotted separately on a larger scale.
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intermediate morphology (Fig. 2c). In particular, the
fibrils appeared to be more flexible than in pure
homotrimers and less flexible than in pure hetero-
trimers. We observed similar morphologies of
unlabeled collagen fibrils by light reflection confocal
microscopy.
Overlaying the green and red channels (normal-

ized to the same total intensity within each 3D stack
as described in Materials and Methods) revealed
relatively homogeneous yellow fibril color in pure
homotrimers and in pure heterotrimers. As
expected, the G- and R-labeled molecules were
evenly distributed within the fibrils. In mixtures,
both heterotrimers and homotrimers appeared to be
present within each fibril, but the color distribution
was highly heterogeneous, particularly in thinner
fibrils and at fibril tips. The G- and R-labeled
molecules were unevenly distributed, forming
homo- and heterotrimer-rich regions. The optical
resolution was insufficient for determining whether
this segregation of the homo- and heterotrimers
was caused by formation of separate homo- and

heterotrimer-rich microfibrils. Nevertheless, to
emphasize the presence of several homo- and
heterotrimer-rich regions within most fibrils, here-
inafter we refer to this observation as subfibrillar
segregation.
We quantified the segregation by calculating the

relative excess of red color in each pixel (IR− IG/IR+ IG)
in the range −1.0 (completely green) to 1.0 (com-
pletely red). Here IR and IG represent the normalized
red and green intensities. The resulting color separa-
tion fraction is shown by relative frequency histo-
grams in Fig 3. In controls where the same kind of
collagen was labeled with both colors (hetero-G/
hetero-Randhomo-G/homo-Rmixtures)weobserved
a single peak at IR− IG/IR+ IG=0. In hetero-G/homo-R
mixtures, however, we found two distinct peaks
representing the homo- and heterotrimer-rich regions.
Note that the broadening of the homo-G/homo-R

mixture histogram compared to the histogram for
hetero-G/hetero-R may be caused by thinner
homotrimer fibrils. For thinner fibrils, statistical
variation in the number N of molecules labeled by

Fig. 2. 3D reconstruction of confocal images of collagen fibril networks in different 0.3-mg/ml mixtures of
fluorescently labeled wild-type heterotrimers (Hetero) and oim homotrimers (Homo) frommouse tail tendons. Molecules
labeled by Alexa Fluor 488 (G) are shown in green. Molecules labeled by Alexa Fluor 568 (R) are shown in red. The yellow
overlay color appears in fibrils containing approximately the same amount of molecules labeled by each dye.

Fig. 3. Collagen segregation in mixed fibrils. Each histogram of IR− IG/IR+ IG fluorescence intensity ratio shows
distribution of R- and G-labeled molecules.
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each color within the focal volume may cause an
appreciable peak broadening. In a confocal micro-
scope, the fluorescence is collected from a small focal
volume (b1 μm3), which may contain N ∼1000 or
fewer labeled molecules. A smaller number of
molecules in thinner fibrils will result in a larger
statistical variation in IR− IG/IR+ IG (which is pro-
portional to 1=

ffiffiffiffi

N
p

). Chromatic aberrations, produ-
cing displacement of one color with respect to the
other in the image, may cause further broadening of
the peak in the histogram. The same chromatic
aberrationwill cause a larger change in IR− IG/IR+ IG
for thinner fibrils.
Co-assembly accompanied by subfibrillar segre-

gation also occurred when a homotrimer solution
was added to preformed heterotrimer fibers. A 0.3-
mg/ml solution of G-labeled heterotrimers in
30 mM sodium phosphate and 0.13 M NaCl was
equilibrated for 2 h at 32 °C. Subsequent examina-
tion by confocal microscopy revealed a well-formed
fibril network (Fig. 4a). A cold (4 °C) 0.3-mg/ml
solution of R-labeled homotrimers in the same
buffer was then injected into the heterotrimer fibril
network by a micropipette to achieve ∼1:3 homo-
trimer: heterotrimer ratio in the final mixture.
Following the injection, the sample was reequili-
brated at 32 °C and repeatedly reexamined by
confocal microscopy in several different areas. After
∼1 h, homotrimers were observed predominantly
at the tips of preformed heterotrimer fibrils,
creating an appearance of longitudinal fibril growth
(Fig. 4b). After ∼2 h, more homotrimers were
observed in other fibril areas (Fig. 4c). Their
distribution was more reminiscent of that observed
after fibrillogenesis of premixed samples (Fig. 2c).
No independent homotrimer fibrils were observed,
suggesting that the interaction between a homo-
trimer and a heterotrimer was more favorable than
between homotrimers. In contrast, injection of a
cold solution of G-labeled heterotrimers to pre-
formed R-labeled homotrimer fibrils resulted in
independent formation of separate heterotrimer
fibrils in addition to heterotrimer binding to
preexisting fibrils (not shown).

Collagen solubility

To further investigate the segregation of homo-
and heterotrimers, we systematically examined
their solubility in equilibrium with mixed fibrils
(sometimes referred to as a critical fibrillogenesis
concentration). Different mixtures of homo- with
heterotrimers in 30 mM sodium phosphate and
0.13 M NaCl, pH 7.4 (0.3–1.6 mg/ml total collagen
concentration) were equilibrated for 1 day at 32 °C.
Fibrillar and soluble collagens were then separated
by centrifugation and fluorescently labeled with
Cy5. The composition of the fibrils (pellet) and the
solubilities of the heterotrimers and homotrimers
(their concentrations in the supernatant) were
analyzed by gel electrophoresis, relying on linear
dependence of the fluorescent intensities of the gel
bands on the concentration of the corresponding
chains in the sample (Fig. 5a).
The first lane of the gel in Fig. 5a shows

electrophoretic bands of the α1(I) chain, α2(I)
chain, and covalent dimers of α1α1 and α1α2
(sometimes referred to as β11 and β12 dimers,
respectively) in a 100% heterotrimer sample. The
relative intensities of the α2 and α1α2 bands
decreased with increasing homotrimer fraction in
the sample. Only α1 and α1α1 bands were present in
a 100% homotrimer sample (last lane in Fig. 5a).
Based on the calibration curves for the α1/α2 and on
α1α1/α1α2 intensity ratios shown in Fig 5b, we
determined the homotrimer fraction in each pellet
and supernatant. By comparing the intensities of the
α1 bands with those of standards labeled at the same
time and in identical conditions, we measured the
concentration of the α1 chains in each supernatant,
from which we determined the solubilities of both
homo- and heterotrimers.
Figure 5c shows the solubility of the hetero- and

homotrimers in equilibrium with fibrils containing
different homotrimer fractions. As in previous
reports,19 we found the solubility of the homotri-
mers to be 15–20 times higher than that of the
heterotrimers in pure samples. The solubility of
the homotrimers decreased with their decreasing

Fig. 4. 3D reconstruction of confocal images illustrating interaction of homotrimers with preassembled heterotrimer
fibrils. (a) Heterotrimer-G fibrils before addition of homotrimer-R solution. (b) Mixed fibrils after 1-h (b) and 2-h (c)
equilibration with added homotrimer solution at 32 °C.
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fraction in fibrils, consistent with a simple ideal
mixture model for the molecules within fibrils
(Supplementary Material). In contrast, the solubility
of the heterotrimers was independent of the overall
fibril composition, inconsistent with the ideal
mixture model. Such constant solubility, however,
may be expected when a fraction of the hetero-
trimers is completely segregated from the homo-
trimers within some fibril regions (see Discussion).

Discussion

The spear shape of homotrimer fibrils indicates
increased bending stiffness

We found that pepsin-treated homotrimers
formed more rigid, spearlike fibrils compared to
flexible, threadlike heterotrimer fibrils (Fig. 2).
Previously, the spearlike morphology was reported
for both homotrimers19 and heterotrimers.35 In our
experiments, all fibrils were thinner than in these
previous studies, making them more susceptible to
bending by thermal fluctuations and weak convec-
tive flows, but only heterotrimer fibrils exhibited
significant bending.
The apparent higher bending rigidity of homo-

trimer fibrils cannot be explained by their thickness,
packing, or intermolecular cross-linking. Homotri-
mer fibrils have the same D-periodic axial alignment
of molecules20 and lower lateral density in the
cross section.18,20 In addition, our homotrimer
fibrils were thinner than heterotrimer fibrils, which
should make them easier rather than more difficult
to bend. Formation of covalent cross-links, which

might affect the bending rigidity, was precluded by
the pepsin treatment.
Thus, the increased homotrimer fibril stiffness is

likely to be related to the rigidity of their component
triple helices. Since bending distorts helical struc-
ture, higher stability of homotrimer helices16,17 may
contribute to their increased rigidity. The reported
difference in the pattern of flexible and rigid regions
within homo- and heterotrimer helices17 may also
contribute by altering the alignment of these regions
on adjacent molecules. The increased rigidity of
homotrimer fibrils may play an important role, e.g.,
in the reduced tensile strength of tendons21 and
increased bone fragility16 in oim mice.

Nonfibrillar aggregates nucleate fibrillogenesis
of pepsin-treated homotrimers

Although homotrimers have higher solubility19

and exhibit weaker intermolecular attraction in
fibrils,18 they assemble into fibrils without the lag
phase,17 i.e., fibril nucleation occurs much faster in
homotrimers than in heterotrimers. Our new find-
ings not only confirm the latter counterintuitive
observation but also suggest why this observation
may not conflict with less efficient recognition
between homotrimers.
The appearance of homotrimer fibrils as multiple

spears growing from a common center indicates that
heating from 4 to 32 °C induces nonspecific, rapid
aggregation of homotrimers into nonfibrillar clumps
without proper mutual alignment of molecules. The
fibrils are nucleated within these aggregates. They
grow outward in several directions resulting in
the characteristic morphology of multiple spears

Fig. 5. Measurement of homo- and heterotrimer solubility by gel electrophoresis. (a) Monomer and dimer gel bands of
type I collagen chains in different initial mixtures. (b) Calibration curves for monomer (α1/α2) and dimer (α1α1/α1α2)
fluorescent intensity ratios of the corresponding bands shown on the gel. (c) Concentrations of soluble homo- and
heterotrimer in equilibriumwith fibrils after overnight equilibration at 32 °C plotted versus fibril composition. The soluble
and fibrillar collagen fractions were separated by centrifugation and analyzed by gel electrophoresis.
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emanating from a common center (Fig. 2). The
interactions causing the initial, nonspecific aggrega-
tion may be weaker than the recognition and
attraction at the proper alignment, but they seem
to have no energy barrier. Thus, the aggregation
proceeds rapidly, although the energy gain from
it may be lower than from proper fibril assembly.
It is detected by light scattering as the initial phase
of fibrillogenesis, so that the solution turbidity
increases without a lag phase. The kinetics of
formation of homotrimer fibrils with properly
aligned molecules is masked by this aggregation.
Presently, we do not know whether it is slower or
faster than the formation of heterotrimer fibrils.
Fibrillogenesis of pepsin-treated heterotrimers

does not involve formation of nonfibrillar aggre-
gates. Heterotrimers remain undetected by light
scattering or confocal microscopy during the lag
phase until they overcome a nucleation barrier and
assemble into well-defined fibrils. Note that the
heterotrimer nucleation barrier may be higher,
although their mutual interactions in fibrils at
equilibrium are more favorable than between homo-
trimers. The observed initial kinetics of heterotrimer
fibril formation was slower than for homotrimers
because it involves higher-energy intermediates.
This does not contradict more favorable equilibrium
interactions between heterotrimers within fibrils.
Interestingly, rapid formation of nonfibrillar

aggregates after the temperature jump was also
observed in homo- and heterotrimer mixtures
(Fig. 1), but not when the homotrimers were
added to preformed heterotrimer fibrils (Fig. 4).
The latter observation suggests that homotrimer
binding at tips of heterotrimer fibrils occurs without
a significant energy barrier and that this binding is
more energetically favorable than the nonfibrillar
aggregation.
The nonfibrillar aggregation seems to be a

property of only pepsin-treated α1(I) homotrimers
with partially degraded telopeptides; i.e., it is
prevented by the α2(I) chain and by α1(I) telopep-
tides. Indeed, pepsin-treated heterotrimers contain-
ing the α2(I) chain do not form such nonfibrillar
aggregates. Full-length homotrimer molecules with
intact α1(I) telopeptides, which were not treated by
pepsin, were also reported to form isolated spears
rather than hedgehog-like spear clusters after a
normal lag phase.19 By preventing the nonspecific
aggregation, the α2(I) chain and the telopeptides
may play an important role in initial reorientation
and alignment of triple helices required for fibril
formation.

Homo- and heterotrimers co-assemble
within the same fibril but segregate at
a subfibrillar level

The observed multistep kinetics of fibril formation
(Fig. 1c) suggests the following sequence of events in
mixtures of pepsin-treated homo- and heterotri-
mers. Based on the properties of pure homo- and
heterotrimers, the first step of early growth likely

involves fast nonfibrillar aggregation of homotri-
mers followed by the outward growth of homo-
trimer fibrils. The next step (lag phase) involves
nucleation of mixed homo/heterotrimer fibrils or
predominantly heterotrimer fibrils, which may be
promoted by binding of heterotrimers to the
homotrimer aggregates and fibrils. Provided that
the binding/diffusion time is shorter than the
nucleation time, such binding may explain why
the lag time at this step appears to be independent of
the heterotrimer fraction in the mixture. The growth
of heterotrimer-enriched fibril regions from these
nuclei occurs at the delayed growth step of the
turbidity curve.
The sequential formation of homo- and hetero-

trimer-enriched fibril regions may contribute to the
subfibrillar segregation observed in our experi-
ments. The appearance of homotrimers at fibril
tips may be related, e.g., to their higher solubility
and, therefore, lower binding energy. Once forma-
tion of heterotrimer-enriched fibrils is nucleated, it
proceeds faster than homotrimer binding or assem-
bly, depleting the surrounding solution of hetero-
trimers. The remaining homotrimers bind last,
thereby appearing at fibril tips. It is also possible,
however, that homotrimers preferentially bind at
fibril tips due to the different geometry of inter-
molecular contacts at the growing tip versus the side
surface.
In addition to kinetics, subfibrillar segregation of

homo- and heterotrimers may result from equili-
brium interactions, as indicated by the persistence of
the segregation after overnight or longer equilibra-
tion. Pepsin-treated collagen molecules dissociate
from and reassociate with fibrils, since they do not
form intermolecular cross-links. The equilibrium
between fibril surfaces and surrounding solution
was previously found to be established after several
hours.36 Consistently, here we observed significant
fibril remodeling several hours after addition of
homotrimers to preformed heterotrimer fibrils. After
initial association at tips of heterotrimer fibrils, the
homotrimers gradually appeared along the whole
length of the fibrils and the heterotrimers appeared
in the places where the fibril tips were elongated
(Fig. 4). We should note, however, that complete
reequilibration of composition in fibril cores may
take much longer than at fibril surfaces and may not
be practically attainable.
Additional evidence for equilibrium segregation

of homo- and heterotrimers is the dependence of
their equilibrium solubility on the mixture composi-
tion (Fig. 5). At equilibrium between a homoge-
neously mixed binary aggregate and a surrounding
solution, the solubility of the minor component
should be approximately proportional to its fraction
within the aggregate provided that this fraction is
sufficiently small (Supplementary Material). We
observed such proportionality from 0% up to
∼30% of homotrimers in aggregates, suggesting
that a relatively small amount of homotrimers can
be well mixed with heterotrimers. In contrast, the
solubility of heterotrimers did not change when
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their fraction was varied, suggesting poor mixing of
the molecules in fibrils containing a small fraction of
heterotrimers.
Much lower solubility of the heterotrimers19

(Fig. 5) and their segregation suggest that hetero-
trimer–heterotrimer interactions in fibrils are much
more energetically favorable than homotrimer–
homotrimer and heterotrimer–homotrimer interac-
tions. Presently, we do not know which of the latter
two interactions is more favorable than the other.
The asymmetric segregation, which occurs at a low
fraction of heterotrimers but not at a low fraction of
homotrimers, significantly complicates evaluation
of the heterotrimer–homotrimer interaction energy.
It indicates, e.g., that the heterotrimer–homotrimer
interaction may be different for a homotrimer
surrounded by heterotrimers and for a heterotrimer
surrounded by homotrimers.

Biomedical implications

The subfibrillar segregation may significantly
enhance the effect of even a small homotrimer
fraction on the collagen fibril integrity and mechan-
ical properties because the homotrimers have
different triple helix stability, stretching elasticity,
and bending rigidity. The segregation certainly
occurs in vitro in fibrils assembled from pepsin-
treated collagen molecules with partially degraded
telopeptides. In vivo, the fibrils assemble from
molecules with intact telopeptides in a different
environment and under different conditions. Not
only is it a nonequilibrium process, but it also may
be actively regulated by cells.37 The resulting fibrils
are stabilized by irreversible covalent cross-links.
Their remodeling involves proteolytic degradation
of old collagen and its replacement with newly
synthesized molecules rather than equilibrium dis-
sociation and reassociation of the molecules. Unfor-
tunately, differential fluorescent labeling and direct
observation of the subfibrillar segregation in vivo or
even in cell culture is presently unrealistic.
Still, our findings suggest that the tendency of

homo- and heterotrimers to segregate, particularly
the kinetic segregation, is likely to be preserved in
vivo as well. The dramatic difference between
pepsin-treated homotrimers and pepsin-treated het-
erotrimers indicates that the α2(I) chain plays a
major role in both kinetic and equilibrium segrega-
tion, although telopeptides may inhibit the forma-
tion of nonfibrillar aggregates in vivo. Involvement
of tissue collagenases in fibril remodeling may
further exaggerate the segregation because α1(I)
homotrimers are less susceptible than the hetero-
trimers to cleavage by these enzymes.38

If this hypothesis is correct, even a small fraction
of α1(I) homotrimers may have a large effect on
tissues. For instance, accumulation of homotrimers
with multiple bone remodeling cycles may exacer-
bate gradual degradation of bone quality with age in
individuals with the overproducing allele of
COL1A1, increasing osteoporotic fractures. Synth-
esis and accumulation of collagenase-resistant

homotrimers inside kidney glomeruli may result in
glomerular sclerosis contributing to renal failure.39

Similarly, accumulation of collagenase-resistant
homotrimer-rich fibrils or subfibrillar regions may
play a detrimental role in a broader spectrum of
fibrotic tissues and disorders.

Materials and Methods

Native collagen

Pepsin-soluble collagen was purified from tail tendons
of wild-type (normal heterotrimers) and homozygous oim
mice [α1(I) homotrimers] as previously described.18

Briefly, frozen mouse tails were thawed in ice-cold 3.5 M
NaCl, 10 mM Tris, 20 mM ethylenediaminetetraacetic
acid, 2 mM N-ethylmaleimide, and 1 mM phenylmethyl-
sulfonyl fluoride (pH 7.5). Tendons were excised from
tails, washed in the same enzyme-inhibiting buffer for
several days at 4 °C, dissolved in 0.5 M acetic acid (pH
2.8), and digested by pepsin (100 mg/1 g collagen in two
doses each for 24 h at 4 °C). After removal of insoluble
material by centrifugation, collagen was precipitated
overnight by 0.9 M NaCl, separated by centrifugation,
redissolved in 0.5 M acetic acid, and reprecipitated by
0.7 M NaCl. The final precipitate was resuspended and
extensively dialyzed against excess 2 mM HCl. The
resulting collagen was characterized by gel electrophor-
esis using the same procedure as described in the In vitro
fibrillogenesis section. The concentration of collagen was
evaluated by circular dichroism (CD) on a J810 spectro-
meter (Jasco Inc.).

Reconstituted α1(I) homotrimers

Type I collagen from rat tails and fetal calf tendons (both
from Pel-Freez Biologicals) was prepared by the same
method. The pepsin-soluble collagen was transferred into
0.2 M sodium phosphate, 0.5 M glycerol (pH 7.4), diluted
to 0.8 mg/ml, denatured at 55 °C for 10 min, and refolded
at 26 °C for 10 days. The CD spectra of solution aliquots at
room temperature were measured to control the extent of
denaturation and refolding. The refolded collagen was
dialyzed into 0.5 M acetic acid at 4 °C, digested by pepsin
(0.2–0.9 mg/ml) for 40 min at 32 °C followed by 2–3 h at
room temperature (to remove partially folded molecules
and residual heterotrimers), and precipitated by 1 MNaCl
overnight at 4 °C. The precipitate was resuspended in and
dialyzed against 2 mM HCl, mixed 1:1 (v/v) with 0.26 M
NaCl, 60 mM sodium phosphate, pH 7.4 (after mixing),
and reprecipitated by overnight fibrillogenesis at 32 °C (to
remove residual impurities and fibrillogenesis-incapable
molecules). Fibrillar collagen was separated by centrifuga-
tion, resuspended in and dialyzed against 2 mMHCl, and
characterized by gel electrophoresis, CD, and differential
scanning calorimetry at 1 °C/min in N-DSC II (Calori-
metry Sciences Corp.).40

In vitro fibrillogenesis

For kinetic measurements, a pepsin-treated collagen
solution in 2 mM HCl was mixed 1:1 with 40 or 60 mM
sodium phosphate, 0.26 M NaCl (pH 7.4 after mixing) at
4 °C. The solution was degassed, transferred into a quartz
cuvette (1-cm optical path) precooled at 4 °C and placed
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into a V-560 spectrophotometer (Jasco Inc.) equipped with
a thermoelectric temperature controller set at 4 °C.
Fibrillogenesis was initiated by a temperature jump to
32 °C. Once the temperature reached 32 °C, the time
evolution of the solution turbidity was monitored by
measuring the optical density at 350 nm.
For solubility measurements, different mixtures of

mouse homo- and heterotrimer in 2 mM HCl were
mixed 1:1 with 60 mM sodium phosphate, 0.26 M NaCl,
0.03% Brij 35 (pH 7.4 after mixing) and equilibrated for 1
day at 32 °C. The fibrils and surrounding solutions were
separated by 30-min centrifugation at 20,000g. The super-
natants were collected with pipette tips rinsed with 0.03%
Brij 35 into tubes also rinsed with 0.03% Brij 35. Pellets
resuspended in 2 mM HCl and supernatants were mixed
4:1 with 2.5MNaCl, 0.5 M sodium carbonate, pH 9.3. Each
sample was then rapidly mixed 5:1 with freshly prepared
monoreactive Cy5 NHS ester (GE Healthcare PA 35001)
solution in anhydrous dimethylformamide (1 vial/ml)
and immediately placed on a shaker for 30 min at room
temperature. The same stock solution of the dye was used
for all labeling reactions to ensure the same labeling
efficiency. The accuracy of the labeling was tested by
adding bovine serum albumin to some of the samples as
an internal standard.36 After 30-min labeling, the samples
were mixed with 4× NuPAGE LDS Sample Buffer
(Invitrogen), denatured at 60 °C for 5 min, and separated
on precast 3–8% Tris–acetate minigels (Invitrogen). The
gels were scanned on a FLA5000 fluorescence scanner
(Fuji Medical Systems) and analyzed by Multi Gauge 3.0
software supplied with the scanner.

Confocal imaging

Collagen solution in 2 mM HCl was mixed 4:1 with
2.5 M NaCl and 0.5 M sodium carbonate (pH 9.3) and
fluorescently labeled with 2–10 μg/ml Alexa Fluor 488 or
Alexa Fluor 568 carboxylic acid succinimidyl ester
(Invitrogen). The amount of the dye was adjusted to
result in one attached dye molecule per four to five
collagen triple helices. After 30-min labeling at room
temperature, the reaction was stopped and collagen was
precipitated by adding acetic acid to 0.5 M and NaCl to
0.9 M. After overnight equilibration, precipitated collagen
was separated by centrifugation, resuspended in 2 mM
HCl and extensively dialyzed against 2 mM HCl to
remove residual free dye molecules. To evaluate the
labeling efficiency, the collagen concentration was deter-
mined by CD at 221 nm. The concentration of the
conjugated dye was determined from visible light
absorption in a Lambda 900 spectrometer (Perkin Elmer)
as recommended by the dye manufacturer.
Binary mixtures of collagens labeled by Alexa Fluor 488

and Alexa Fluor 568 were mixed 1:1 with 60 mM sodium
phosphate, 0.26 M NaCl (pH 7.4 after mixing), transferred
into SecureSeal hybridization chambers (Grace Bio-Labs),
and sealed. The cover glass used with the chambers was
pretreated by Sigmacote (Sigma) to prevent attachment of
collagen fibrils. The hybridization chambers were
attached to microscope slides and preequilibrated at
32 °C or directly mounted on a microscope stage in a
controlled environment chamber set at 32 °C. The fibrils
were imaged in a Zeiss 510 Inverted Meta confocal laser-
scanning microscope (Carl Zeiss) with a 488-nm argon
ion laser and a 543-nm helium–neon laser. The emission
was collected by independent photomultipliers in two
channels with 505- to 530-nm band-pass and 560-nm long-
pass filters. The sample was illuminated by only one of

the lasers at any given time, utilizing a line scanning
mode with automatic laser switching. Virtually no Alexa
Fluor 568 signal was detected in the Alexa Flour 488
channel and vice versa. The digital zoom, z-oversampling,
scanning rate, and laser power were optimized to
eliminate photobleaching.

Image processing and color separation analysis

A nonuniform background caused by interference and
reflections was subtracted with Image J software†. The
residual noise was eliminated with an intensity threshold
that did not affect colors within fibrils. Three-dimensional
images were reconstructed with MIPAV software‡. For
color separation analysis, both channels were normalized
to the same total intensity within each 3D stack. The color
separation ratio

IR � IG
IR þ IG

was calculated for each pixel, where IR and IG were
normalized intensities of the red and green channels,
respectively. The color separation within fibrils was
characterized by histograms of the relative frequency of
(IR− IG)/(IR+ IG) from −1.0 to 1.0 with 0.1 step.
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